Abstract The adhesion and proliferation of human fetal osteoblasts, hFOB 1.19, on micro arc oxidized (MAO) gamma titanium aluminide (cTiAl) surfaces were examined in vitro. Cells were seeded on MAO treated cTiAl disks and incubated for 3 days at 33.5°C and subsequently for 7 days at 39.5°C. Samples were then analyzed by scanning electron microscopy (SEM) and alkaline phosphatase assay (ALP) to evaluate cell adhesion and differentiation, respectively. Similar Ti-6Al-4V alloy samples were used for comparison. Untreated cTiAl and Ti-6Al-4V disks to study the effect of micro arc oxidation and glass coverslips as cell growth controls were also incubated concurrently. The ALP Assay results, at 10 days post seeding, showed significant differences in cell differentiation, with P values \0.05 between MAO cTiAl and MAO Ti-6Al-4V with respect to the corresponding untreated alloys. While SEM images showed that hFOB 1.19 cells adhered and proliferated on all MAO and untreated surfaces, as well as on glass coverslips at 10 days post seeding, cell differentiation, determined by the ALP assay, was significantly higher for the MAO alloys.
Introduction
It is well known that titanium and its alloys spontaneously form a thin biocompatible surface oxide layer, composed primarily of TiO 2 when exposed to a biological environment. Nonetheless, when the titanium alloy is implanted in vivo, the oxide stability may be altered resulting in increased metal ion release and implant failure [1] . Several treatments have been developed to modify the surface oxides on Ti alloys that improve corrosion and wear resistance [1] [2] [3] . Corrosion may lead to the undesirable release of metal ions, which may potentially result in a localized or systemic cytotoxicity, genotoxicity or have carcinogenic effects in vivo [4, 5] . Advanced surface modification methods such as plasma ion implantation, anodizing, ultrapassivation, nitriding, electrochemical and thermal oxidation has been applied to Ti-6Al-4V leading to the formation of stable superficial oxides [6] [7] [8] [9] . Among the methods used to generate the oxide layer, micro arc oxidation (MAO) has been reported to be a beneficial method in that it provides a good combination of porous and thick oxide films with a well characterized biocompatible substrate containing Ca and P ions [10] [11] [12] [13] , that enhances corrosion resistance and bioactivity [16] . Thus, the surface modification produced by MAO results in a porous and firmly adherent TiO 2 layer on Ti implants, concomitantly enhancing the fixation of the implants to the bone and improving their in vivo corrosion behavior. Different from mere anodic oxidation, MAO has specific characteristics, such as producing local high temperatures, and forming a ceramic coating. The type of electrolyte used and process conditions applied by MAO can affect the surface morphology, chemical composition, and crystalline structure of the oxide coatings formed.
The TiO 2 layer generated by the MAO treatment was found to significantly improve biological cellular activities on titanium alloys in vitro and the bone-implant bonding properties in vivo [15] . These improvements have been attributed to the increase in surface roughness and the incorporation of Ca and P within the oxide layer. The porous and rough morphology has been shown to increase cell attachment and mechanical interlocking between the tissue and implant [15] . Moreover, the Ca and P source, incorporated from the electrolyte solution into the oxide layer, improved osteoblast cell response and enhanced osseointegration [14, 16] .
Recently the potential of gamma titanium aluminide (cTiAl) as a biomaterial for orthopedic applications has been extensively researched and promising indicators have been observed [17] [18] [19] [20] . It is believed that this potential biomaterial for implant applications can be further enhanced by modifying the surface of cTiAl by the MAO technique. The main objective of this research was to study in vitro cell attachment and cell differentiation of human fetal osteoblast cells, hFOB 1.19, cultured on MAO cTiAl, in order to determine its biocompatibility. Cell attachment was qualitatively observed by means of scanning electron microscopy (SEM) while cell differentiation was measured using the alkaline phosphatase assay. Alkaline phosphatase (ALP) plays a role in skeletal mineralization and is the most widely recognized biochemical marker for osteoblast activity. In all experimentation, Ti6Al-4V was used as a parallel material for study. Untreated cTiAl and Ti-6Al-4V were utilized as control, to understand the effects of the MAO process while glass coverslips were also used as a control to monitor cell growth during the study.
Materials and methods

Preparation of titanium disks
cTiAl (Ti-48Al-2Cr-2Nb at.%) and Ti-6Al-4V disks, 7 mm in diameter and with an approximate thickness of 1 mm, were cut from machined cTiAl rods and wrought (a ? b) annealed Ti-6Al-4V rods using a slow speed saw (Buehler TM ). The surfaces of these disks were prepared manually in an Ecomet 3 (Buehler TM ) by wet grinding with 240, 320, 600 and 1,200 grit silicon carbide paper. These metal disks were ultrasonically cleaned in 0.8 % Alconox (Fisher, Pittsburgh, Pennsylvania) and 70 % ethanol for 10 min each, while rinsing with de-ionized water between each application. The metal disks were dried and then oxidized by the micro arc process at a constant temperature and current. Based on earlier results [21] , applied current values of 200 and 225 mA (current density values of 520 and 585 mA/cm 2 respectively) and treatment times of 3 and 4 min were selected for both alloys. The MAO alloys were then placed in 48-well culture plates (Corning, Corning, New York) and cells were seeded on these materials as described in Sect. 2.4.
Micro arc oxidized (MAO) coatings
The electrolyte used for MAO consisted of 0.025 M Ca(H 2 PO 4 ) 2 , 0.075 M Ca(OOCCH 3 ) 2 and 0.12 M Na 2 (EDTA) dissolved in ultra-pure water [21] . The basic component of the electrolyte is calcium dihydrogen phosphate with a Ca/ P ratio of 0.5. In order to increase this ratio in the solution, the chelating agent Na 2 (EDTA) was added, increasing the calcium ions to augment the Ca/P ratio in the coating. Hence, the electrolyte used consisted of an aqueous solution of phosphate (0.05 M) and calcium (0.1 M), the latter in a chelated form due to the formation of a complex. The EDTA concentration in the electrolyte was 0.12 M. Each reactant (high purity grade) was dissolved separately in different containers until complete solubility was achieved, and later mixed together to form the electrolyte. NaOH pellets were finally added until the solution had a pH of 11.
To accomplish the MAO treatment, a stainless steel beaker was used as the cathode, and the titanium alloy sample (either cTiAl or Ti-6Al-4V) was used as the anodic electrode. The sample was mounted in a titanium holder specially designed to allow complete exposure to the electrolyte [22] . A Hoeffer PS300-B high voltage power supply (300 V; 500 mA) was used to produce the MAO coatings on both alloys. The power supply was operated in a galvanostatic mode, in order to account for the increase in electric resistance of the oxide film on the titanium alloy surface with increasing thickness. Voltage changes as a function of time were set manually for each process condition. After treatment, samples were rinsed with distilled water and then dried with a blow dryer. The modified surfaces will be hereafter referred to as MAOGTi for cTiAl and MAOTiV for Ti-6Al-4V materials respectively. The modified surfaces were imaged by Scanning Electron Microscopy, JEOL-JSM-5410 LV SEM (JEOL, Japan). Image J Ò software was utilized to determine the average pore diameter from these images.
Cell line
Human osteoblast cells, cell line hFOB 1.19 (ATCC CRL-11372, Manassas, Virginia) were obtained from a primary culture of fetal tissue and transfected with a gene that codes for a temperature-sensitive mutant (tsA58) of the SV40 large T antigen and a gene encoding for neomycin (G418) resistance [22] . The cell line hFOB 1.19 4 ) and harvested using 0.25 % trypsin-0.53 mM EDTA (Gibco, Gaithersburg, Maryland) at 37°C for 5 min. Cells were then pelleted by low speed centrifugation (3,300 rpm) for 5 min and subcultured at a 1:3 ratio. At permissive temperatures or as subconfluent cultures, hFOB 1.19 cells exhibit rapid cell division whereas at restrictive temperatures or at confluence, cell division is reduced and differentiation increases. This particular behavior of the human fetal osteoblast cell line 1.19 (hFOB 1.19) is due to the presence in its genome, of a transfected gene coding for a temperature sensitive mutant (tsA58) of the SV40 T antigen [22] . Expression of the T antigen in human cells results in an increased rate of proliferation when it interacts with the retinoblastoma gene product Rb. Under conditional immortalization, the mutant T antigen is only active (immortalizes cells) at the permissive temperature of 39.5°C. Furthermore, the cell line hFOB (incubated at 39.5°C) exhibits an increase of cAMP levels in response to 1-34 parathyroid hormone (PTH) treatment, an increase of osteocalcin and alkaline phosphatase activity in response to dihydroxyvitamin D3 treatment (1, 25 D3) and formation of mineralized nodules [29] .Thus, the return to a nonimmortalized state can be manipulated by changing the incubation temperature of the cells to a restrictive one.
The human osteoblast cells were seeded as described above. After the cells were seeded in the 48-well plates (Becton-Dickinson, Lincoln Park, NJ) at a density of 5 9 10 4 cells/cm 2 on MAO disks (7 mm in diameter), the plate was incubated for 3 days at 33.5°C. After the 3 day incubation period, the wells were washed three times with PBS 1 X solution and then supplemented with 90 % Dulbecco's Modified Eagle's Medium Nutrient Mixture F-12 Ham (DMEM), 0.3 mg/mL G-418 and 10 % Fetal Bovine Serum (FBS). The wells were supplemented with cell medium every 2 days. The 48-well plate was then transferred to an incubator with the restrictive temperature of 39.5°C, for 7 days, allowing for cell differentiation. This allows for a slow proliferation of the cells and the formation of mineralization nodules.
Scanning electron microscopy (SEM)
Cell adhesion on cTiAl and Ti-6Al-4V surfaces were evaluated qualitatively by SEM. Cells were seeded on MAO disks in 48-well plates (Becton-Dickinson, Lincoln Park, NJ) at a density of 5 9 10 4 cells/cm 2 . Samples were incubated for 3 days at 33.5°C and then for 7 days at 39.5°C to allow for osteoblast differentiation. Cells were also seeded as described above, on untreated cTiAl and Ti6Al-4V disks to study the effect of the MAO treatment on cell proliferation and differentiation. Cells were also grown on glass coverslips as a control for cell growth. After the incubation period, samples were washed carefully with PBS and fixed overnight in 4 % glutaraldehyde buffered in PBS at 4°C. After washing three times in PBS, the samples were dehydrated in graded alcohol ranging from 10 to 100 % ethanol in intervals of 10 min each. After critical point drying (EMS 850) (electron microscopic science, Washington), samples were mounted on stubs and sputtered coated with gold and palladium in EMS 550X (electron microscopic science, Washington). Samples were then examined with a JEOL JSM-5410 LV SEM (JEOL, Japan) at 10 kV.
Alkaline phosphatase assay
The alkaline phosphatase colorimetric assay kit (ab83369, Abcam Ò ) was used to evaluate osteoblast differentiation quantitatively on MAO cTiAl and Ti-6Al-4V disks as well as corresponding untreated Ti alloys disks and glass coverslips. Cells were seeded in 48-well plates (BectonDickinson, Lincoln Park, NJ) at a density of 5 9 10 4 cells/ cm 2 each on individual MAOGTi, MAOTiV, untreated cTiAl and untreated Ti-6Al-4V disks. Samples were incubated for 3 days at 33.5°C and then for 7 days at 39.5°C to allow osteoblast differentiation. Cells were grown on coverslips to be used as cell growth controls. To achieve a more efficient cell lysis, modifications to the protocol were made, these included washing the samples carefully three times with PBS and homogenizing in 60 lL of the assay buffer. Another modification made was to use Triton X-100 (80 lL) to lyse the cells for an efficient measurement of intracellular ALP. Stop solution (20 lL) was added to terminate ALP activity in the sample. The solution in each well was transferred to a 96-well plate (Becton-Dickinson, Lincoln Park, NJ). pNPP Solution (50 lL) was added to each well containing the test samples and background controls. The reaction was incubated for 60 min at 25°C, protected from light.
To determine the concentration of ALP activity in the sample a standard curve was generated, 40 lL of the 5 mM pNPP solution was diluted with 160 lL assay buffer to generate a 1 mM pNPP standard. 0, 4, 8, 12, 16, 20 lL was added into 96-well plate in duplicate to generate 0, 4, 8, 12, 16, 20 nmol/well pNPP standard. The final volume was brought to 120 lL with assay buffer. ALP enzyme solution (10 lL) was added to each well containing the pNPP standard. The reaction was incubated for 60 min at 25°C and protected from light. All reactions were stopped by adding 20 lL of Stop Solution into each standard and sample reaction except the sample background control reaction (since 20 lL of the Stop Solution had been added to the background control when prepared previously). The optical density was measured at 405 nm in a micro plate reader. The background was corrected by subtracting the value derived from the 0 standards from all standards, samples and sample background control. The pNPP standard curve was plotted and the sample readings were applied to the standard curve to get the amount of pNPP generated. ALP activity of the test samples was calculated using the following equation:
where A is the amount of pNPP generated by samples (in lmol), V is the volume of sample added into the assay well (in mL) and T is the reaction time (in minutes) 2.6 Atomic force microscopy Atomic force microscopy (AFM) was used to investigate the surface topography of the coatings obtained on both titanium alloys. A Veeco Model CP-II AFM was used for this purpose, under a non-contact mode for topography imaging and analysis of a 40 lm 9 40 lm area. A large area (*90 lm) piezoelectric scanner was used to obtain the images of the topography of the MAO surfaces of both cTiAl and Ti-6Al-4V alloys. Average roughness data was extracted from these measurements.
Statistical analysis
The ALP was performed in three independent experiments, each with three replicates, for a total of nine replicates per surface evaluated (micro arc oxidized MAOGTi, MAOTiV, untreated cTiAl, untreated Ti-6Al-4V and glass coverslips) for a 10 cell growth period. The data of the alkaline phosphatase assay is presented as the mean of the optical density of differentiated cells on the different surfaces and the amount of alkaline phosphatase detected. Each value represents the mean of the measurements (using three disks) of cell differentiation performed on a specific surface tested in one of the three independent experiments. A factorial analysis of variance (ANOVA) was used to assess the main effect and the significant interactions between the type of metal (cTiAl or Ti-6Al-4V), and the type of surface treatment (micro arc oxidization at 200 mA, 3 min. 200 mA, 4 min, 225 mA, 3 min and 225 mA, 4 min). When these interactions were found, they were graphically analyzed. In addition, a randomized block design was performed to reduce the variance in the data. Furthermore, a contrast test was performed to compare the type of metal (cTiAl and Ti-6Al-4V) with the surface treatments. A LSD Fisher test was performed to check for the presence of significant differences in cell differentiation on the type of metal and surfaces tested. P values\0.05 were considered to be statistically significant. All analyses were performed using Infostat Ò (Infostat Inc).
Results
Scanning electron microscopy
Surface images of the micro arc oxidized surface of the cTiAl and Ti-6Al-4V surfaces are shown in Fig. 1 for the four treatment conditions used in this study. It is visually evident that these treated surfaces are typically porous although the average pore diameter is smaller for the cTiAl samples regardless of the treatment condition (see Table 1 ). While the larger pore size of the Ti-6Al-4V surfaces have been proposed to enhance bone ingrowth, resulting in increased fixation [23] , submicron pore sizes observed in cTiAl have been reported to elicit cell growth and function at an increased level [24, 25] . After 10 days of incubation, a confluent multilayer of cells was observed on all the MAO treated surfaces, untreated cTiAl and Ti-6Al-4V disks and glass coverslips. SEM images of the cells cultured on the Ti alloy surfaces, clearly indicate that hFOB 1.19 cells exhibited normal growth on the surfaces of both MAO cTiAl and Ti-6Al-4V disks, similar to earlier reports [20, 26] . The cell multilayer observed, was constituted by elongated and polygonal cells. The polygonal elongated cell morphology corresponds to the start of the cell-surface interaction processes such as anchorage and adhesion of the cell [22] . Also, cellular boundaries were difficult to establish due to the close contact between neighboring cells. Some cells showed variable appearances (spherical, oval or polygonal) and some of the spherical cells grew over the elongated cells [20] . Also, cell to cell interactions were observed with the presence of cytoplasmic projections (mitotic like structures) and lamellipodia extending from the cells. This lamellipodia is typical of migratory cells and are also part of the cytoskeletal organization which involves transport phenomena, cell division and help extend the cell surface and improve the exchange of substances [22] . For this reason, the presence of cytoskeletal components on the cells indicates normal cellular activity. Cell attachment was similar for the MAO treated surfaces of both metals regardless of treatment conditions, osteoblast cells appeared to spread and anchor very well. Cells were clearly attached to the substrate surface and exhibited typical growth characteristics such as slender cytoplasmic projections (filopodia) extending from the cells in all directions. Furthermore, microspikes and even small round structures which probably correspond to mineralized nodules, indicative of osteoblast differentiation, were observed highlighting the bioactive nature of the MAO surfaces on cTiAl as well as on Ti-6Al-4V (Fig. 2) .
The ECM was more fibrillar on the MAO Ti-6Al-4V and c-TiAl disks with the highest current density (225 mA with 4 min of treatment) exhibiting a ruffled surface and many filopodia in multiple directions. 
Atomic force microscopy
Topographical features of the coatings obtained in cTiAl and Ti-6Al-4V alloys were analyzed using AFM. The increase in surface area for the coatings obtained by the MAO method is noticeable on both alloys (Fig. 3 ). This is a desirable feature, particularly in hard tissue and structural applications. Rough surfaces and highly porous coatings can enable osseointegration by producing lasting mechanical interlocking between the implant and the bone, thus increasing service life of the implant similar to results on commercially pure titanium samples subjected to MAO in different electrolytes [27] . For the Ti-6Al-4V surfaces processed using MAO, the surface area appears to be greater when compared to cTiAl surfaces processed under the same conditions. Average roughness values of the MAO surfaces obtained from the AFM data, shown in Table 2 , indicate that the average surface roughness was greater for the highest current density and time of treatment (225 mA, 4 min of treatment).
Alkaline phosphatase assay
A linear relationship was observed between the alkaline phosphatase activity in the three standard curves (r 2 = 0.9986, 0.9788, and 0.9895) for the three experimental replicates respectively. For the sake of brevity, only one calibration curve is shown in Fig. 4 . Based on visual observation of the SEM images, no significant differences in the number of osteoblast cells attached on the MAO and untreated cTiAl and Ti-6Al-4V surfaces were observed. However, the alkaline phosphatase activity was significantly higher on MAO surfaces compared to the untreated cTiAl and Ti-6Al-4V surfaces as well as that from glass coverslips. The alkaline phosphatase activity of osteoblast cells attached on all the surfaces tested is shown in Fig. 5 . The interaction between type of metal (cTiAl or Ti-6Al-4V) and surface treatment (MAO at 200 mA, 3 min, 200 mA, 4 min, 225 mA, 3 min and 225 mA, 4 min) showed significant differences (P \ 0.05) in cell differentiation among the surfaces studied after 10 days of incubation at 33.5°C and later at 39.5°C. There was a drastic increase in the ALP activity on MAO treated cTiAl or Ti-6Al-4V surfaces compared to the untreated surfaces. On the glass coverslips, the ALP activity was intermediate.
The factorial ANOVA carried out with the optical density and alkaline phosphatase activity data showed that the interaction between the two factors (type of metal and type of treatment) resulted in significant differences. In addition, alkaline phosphatase activity increased in treatments that were exposed longer to higher current densities and for longer time periods. A contrast test was performed to compare the type of metal (cTiAl and Ti-6Al-4V) with the surface treatments. Additionally, to check for the presence of significant differences in cell differentiation on the type of metal and surfaces tested, a LSD Fisher test was performed. The LSD Fisher test is used to examine the significance of the association between two kinds of classification. In our experimentation, this represents the interaction between the metal alloys (cTiAl and Ti-6Al-4V) and the treatment applied (MAOGTi and MAOTiV). The P values \0.05 were considered to be statistically significant. The Fisher test clearly demonstrated that the interaction between alloy and treatment was significantly relevant to the cell behavior observed on these alloys. The P value obtained for this interaction was 0.009. This correlates with the results obtained with the ALP in which cell differentiation for the glass coverslips is much lower.
Collectively, there were no significant differences between cTiAl and Ti-6Al-4V MAO alloys for the same treatment conditions. Subsequently, it was observed that, with an increase in time of the treatment and application of a higher amperage to the surface, more ALP activity was observed regardless of the alloy type. There were significant differences between the glass coverslips and the MAO alloys. ALP activity on the untreated alloy surfaces was drastically lower, based on the data from Fig. 5 . This suggests that a highly porous and rough substrate resulting from the MAO process is definitely influential in the response of the hFOB cells to their macro-environment. Figure 5 shows that when more amperage and time of MAO treatment is applied to the alloys, more cell differentiation is observed. Also, the MAO cTiAl and Ti-6Al-4V alloys treated for 4 min at 225 mA showed the highest degree of cell differentiation in comparison to the other treatments which indicates that the macro environment may be directly correlated to the rate of incorporation of calcium and phosphate ions on the substrate. On the other hand, ALP activity on both untreated cTiAl and Ti-6Al-4V surfaces was extremely low implying poor cell differentiation. 
Discussion
It is now well accepted that a highly porous and rough substrate affects cell behavior. St-Pierre et al. [28] demonstrated that the pore size of titanium scaffolds influences proliferation, although the processes of differentiation and mineralization are not affected. As established earlier, by compositional and morphological analysis modeled using in vivo models [29] . While a range of pore sizes has been identified within which bone ingrowth occurs, no consensus on optimal pore size exists due to the range of materials researched and their respective microstructural impacts. Similar in vitro studies indicate that pore size is an important microstructural parameter in the design of three-dimensional osteoconductive scaffolds [23] [24] [25] 28] . Therefore, the roughness and porosity of the surface is of great significance. Cells are able to discriminate among subtle differences in surface roughness [15] .
Osteoblast-like cells can discriminate not only between surfaces of different roughness but also between surfaces with comparable roughness but different topographies [30] . However, factors and mechanisms underlying the response of cells in contact with Ti alloys are poorly understood. For example, cells cultured on cpTi and Ti alloys display differential response, although both surfaces are covered with TiO 2 [26] . Thus, these differences could be attributed to the microstructure, crystallinity or chemistry of the substrate. Early-phase cell differentiation activity, as monitored by ALP activity, is also positively impacted by cell interactions with the three dimensional scaffolds. Deligianni et al. [15] demonstrated the effect of surface roughness of Ti-6Al-4V on the short-and long-term response of human bone marrow cells in vitro and on protein adsorption. Cell attachment proteins (fibronectin and vitronectin) probably adhere to the surface depending on the amount of calcium ions present on the titanium substrate. Calcium and phosphate ions are suggested to enhance any initial response in vitro due to their high content in bone [31] , which could imply that calcium and phosphate ions in the MAO surface may lead to a stronger ability of this surface to absorb proteins and osteoblast ligands. Thus the initial cell adhesion is considered chemical rather than physical. In addition, calcium ions mediate cell-cell communication via gap junctions. The controlled dissolution of a surface containing increased calcium ion concentration might also be beneficial to cell adhesion and greater cell activity. Kim et al. [32] reported that the formation of a bone like structure on titanium alloys was a multi-step process involving absorption of calcium ions, followed by the absorption of phosphate ions, and subsequently the formation of amorphous calcium phosphate, and the final transformation into the apatite layer which is considered to have a major impact on the osseointegration of titanium alloys.
The expression of the alkaline phosphatase enzyme (ALP) is commensurate with cell differentiation, which is essential for enhancing osseointegration. ALP is among the first functional genes expressed in the process of calcification. It is therefore likely that at least one of its roles in the mineralization process occurs at an early step. ALP is a cell surface glycoprotein that is involved with mineralization as are also osteopontin and bone sialoprotein (BSP), which bind to cell surface integrin receptors and regulate mineralization. Osteocalcin, a matrix protein that regulates osteoclast activity and biglycan, a small leucine-rich proteoglycan which binds to various extracellular matrix components have roles in mineralization. Expression of each of these markers is detected at a specific stage of osteogenic maturation. For instance, the expression of ALP is acquired during early differentiation. ALP activity studied by Marom et al. [33] , showed an increase in activity with an increase in cell density and time in culture. The importance of these matrix proteins in matrix mineralization has been elaborated in another study [34] . The incorporation of calcium and phosphate ions in the substrate will also affect cell behavior. Liu et al. [35] demonstrated the effect of extracellular calcium ion (Ca 2? ) and inorganic phosphate (Pi) concentrations on the growth and differentiation of bone-marrow-derived mesenchymal stem cells. In addition, they also reported that incorporating calcium phosphate into a substrate in which calcium phosphate is gradually dissolved away and replaced by bone, while the dissolution products are readily assimilated by the human body was very beneficial. It is therefore important to take into consideration the effect of Ca 2? and Pi on bone cells, when designing or constructing scaffolds for bone tissue engineering. Also, calcium phosphate surfaces are capable of driving osteoblasts into differentiation in the absence of osteogenic differentiation supplements in the medium. Thus, surface roughness, porosity and ions incorporated into the surface structure might influence the molecular mechanisms which promote osteogenic differentiation in a mutually symbiotic manner.
While SEM imaging provides an excellent opportunity in evaluating the quality of cell attachment and growth for assessing the biocompatibility of implant materials, the degree of cell differentiation is clearly not evident from the SEM images, although the presence of mineral nodules may imply the occurrence of this process. There is no evident variation in the present study, in the osteoblast cell appearance when cultured on the surface containing large micron-sized pores (Ti-6Al-4V) in comparison to the MAO layer with smaller sub-micron pores (cTiAl). Cells cultured on the surfaces of both cTiAl and Ti-6Al-4V (see Fig. 2 ) have similar, if not nearly identical appearance to that of cells grown on glass coverslips, in forming a continuous and confluent cell layer. ALP results also suggest that although the cells initially attached and proliferated equally on all the surfaces, cell differentiation was clearly favored on MAO alloys when compared to the untreated alloy surfaces.
It is clear from the present study that MAO treatment can be successfully applied on cTiAl alloys to generate porous, thick, multilayered coatings, which are bioactive. An optimal porosity on the bioactive oxide layer which favors bone osseointegration by producing lasting mechanical interlocking between the implant and bone, as well as inducing extracellular matrix production will increase service life of the implant. The results obtained confirm that micro arc oxidized alloy surfaces demonstrated most ALP activity. This indicates that MAO may significantly enhance biocompatibility in cTiAl. Taken together, cell adhesion and differentiation studies indicated that hFOB 1.19 cells were able to attach similarly on the different MAO treated surfaces tested, for the time evaluated (10 days). These results suggest that all tested surfaces are biocompatible. MAO surfaces (at 200 and 225 mA at 3 and 4 min, respectively) allowed hFOB 1.19 cell adhesion and differentiation. No apparent cytotoxic effects were observed on hFOB 1.19 cells, suggesting that these surfaces have the potential to be used as implant materials.
Conclusions
The use of MAO on gamma titanium aluminide has the benefits of a thicker and more bioactive oxide layer compared to that resulting from simple anodic oxidation. The type of electrolyte used and process conditions applied can be altered to affect the surface morphology, chemical composition, including Ca and P incorporation, and crystalline structure of the oxide coatings formed by MAO. While MAO may not result in a Ca-P composition similar to hydroxyapatite, bioactivity of MAO titanium alloys is definitely enhanced. The results of the present study, supported by the SEM analysis of cell adhesion and the ALP assay which indicates excellent cell attachment and differentiation, suggest that MAO surfaces of gamma titanium aluminide are clearly biocompatible and have the potential for being used as implant materials. An animal model will be the next step in further evaluating the osseointegration properties of MAO treated gamma titanium aluminide for application as a biomaterial.
